Chemotaxis is the ability of motile bacteria to coordinate swimming behaviour to navigate a 24 changeable environment, an important and rapid adaptative response directing cells to either move 25 away from repellent stimuli or to move towards more favourable conditions using chemical 26 gradients sensed by receptors in the bacterial membrane. In the foodborne bacterial pathogen 27 Campylobacter jejuni, flagellar motility and chemotaxis are required for intestinal colonisation and 28 virulence, and may also play a role in environmental survival via biofilm formation. Here we 29 present a systematic characterisation of the CheAYVW chemotaxis system of C. jejuni, and its role 30 in directed motility and biofilm formation. Inactivation of any of the core chemotaxis genes (cheA, 31 cheY, cheV or cheW) impaired chemotactic motility but not flagellar assembly. Inactivation of cheV 32 or presence of two copies of cheV impaired chemotaxis to a greater extent than inactivation of cheW 33 or presence of two copies of cheW. A cheY mutant swam in clockwise loops and this behaviour was 34 ameliorated by complementation with wildtype cheY or a cheY gene lacking the conserved 35 phosphorylation site, but not by complementation with cheY lacking the metal-binding site. 36 Although the C. jejuni CheA protein contains a CheY-like domain, deletion of this CheY-like 37 domain from CheA did not impair chemotactic motility, nor could it complement a cheY mutant. 38 Next to the core cheAYVW chemotaxis genes, we also investigated the role of the putative cheX 39 gene cj0350. The presence of two copies of cheX resulted in reduced chemotactic motility. Finally, 40 inactivation of any of the core chemotaxis genes interfered with the ability to form a distinct biofilm 41 at an air-media interface. In conclusion, the Campylobacter chemotaxis system has specific 42 components making it distinct from the E. coli and B. subtilis model organisms, requiring specific 43 assessment of their roles in the biology of Campylobacter. 44 Reuter et al Chemotaxis and biofilm formation in C. jejuni 3 45 INTRODUCTION 46 Campylobacter jejuni is an important causative agent of bacterial gastroenteritis in humans [1], 47 and is commonly transmitted via contaminated food, especially poultry meat [2]. Infection with C. 48 jejuni is also associated with neurodegenerative diseases like Miller-Fisher and Guillain-Barre 49 syndrome [3]. One of the key factors for infection by C. jejuni is its flagella-based motility, as 50 aflagellated C. jejuni are unable to cause disease in animal models and show strongly reduced host 51 cell invasion in cell culture-based assays [4-6]. The flagella are also involved in biofilm formation 52 [7-9], and are targeted by bacteriophages [10]. 53 Bacteria are able to adapt to changeable environments using a number of different strategies. 54 Over time, genome plasticity and evolution allows for long-term adaptation to a particular niche. 55 More immediate stresses are directly/indirectly sensed by transcriptional regulators, resulting in 56 changes in gene expression. By far the most rapid means of evading stress by motile bacteria, is by 57 changing swimming behaviour to escape unfavourable conditions or seek more favourable 58 conditions, using chemotaxis [11, 12]. The core chemotaxis pathway has been extensively 59 characterised in model organisms such as E. coli and B. subtilis, and consists of the CheYA two-60 component signal transduction system [13, 14]. Stimulation of signal sensing methyl-accepting 61 chemotaxis proteins (MCPs) results in autophosphorylation of the histidine kinase CheA, which 62 transfers the phosphate group to the response regulator CheY. Phospho-CheY interacts with the 63 flagellar switch to alter rotation. Counter-clockwise rotation commonly results in straight darting 64 motility while clockwise rotation results in a tumbling behaviour and directional change [15]. 65 While the core CheA-CheY pathway is conserved in motile bacteria, the bacterial kingdom 66 contains several variations on this theme [16]. For instance, phosphorylation of CheY results in 67 clockwise flagella rotation in E. coli [17, 18], while in B. subtilis, the inability to phosphorylate 68 CheY results in clockwise rotation and tumbling motility [19, 20]. Furthermore, a number of 69 accessory proteins are involved, such as the CheW protein which is required for CheA-MCP Reuter et al Chemotaxis and biofilm formation in C. jejuni
interaction [21, 22] , while a methyltransferase (CheR) and a methylesterase (CheB) modify the 71 MCP proteins to accommodate adaptation [23] . Some organisms contain the CheW-like protein 72 CheV, which may help integrate signals from a specific class of sensors and may also act as a 73 phosphate sink [24] . There are also bacteria which have multiple non-redundant homologs of the 74 chemotaxis proteins or contain specific adaptations, adjuncts, and domain-fusions that add new 75 functions to the core chemotaxis system [25, 26] . 76 Compared to other foodborne pathogens such as E. coli, Salmonella, and Listeria, C. jejuni has 77 a greater number of MCPs involved in sensing amino acids, deoxycholate, dicarboxylic acid TCA 78 intermediates, formic acid, fucose, redox and energy status [27] [28] [29] [30] [31] [32] [33] [34] [35] , plus a core chemotaxis system 79 consisting of CheA-Y-W-V proteins plus a CheR and a truncated CheB protein [36] . Chemotaxis- 80 defective mutants have been shown to be attenuated in disease models [28, [37] [38] [39] , show reduced 81 immunopathology [40] and chick colonization [39, 41] , and were reported to be crucial for infection 82 in genome-wide transposon mutant screenings for virulence factors [42, 43] . 83 In this manuscript we have systematically examined the core chemotaxis pathway in C. jejuni 84 (Fig 1) . We show that each signalling protein is necessary for robust chemotaxis in complex media, 85 but not for motility. Both CheW and CheV adaptor proteins are required for chemotaxis, but they 86 have distinct functions. Furthermore, we show that the CheY protein requires a metal-binding site 87 but not necessarily the predicted site of phosphorylation, suggesting a possible phosphorylation-88 independent interaction with the flagella switch. We show that the receiver domain of CheA (CheA-89 Y) is dispensable for CheA function, but cannot complement a cheY mutant. We further identify a 90 putative ortholog of the CheX phosphatase, which attenuates chemotaxis when present in multiple 91 copies, and that chemotaxis is required for organized biofilm formation. C. jejuni strains and growth conditions. 96 Campylobacter jejuni strain NCTC 11168 and its isogenic mutants (Table 1) were routinely 97 cultured in a MACS-MG-1000 controlled atmosphere cabinet (Don Whitley Scientific) under 98 microaerobic conditions (85% N 2 , 5% O 2 , 10% CO 2 ) at 37°C. For growth on plates, strains were 99 either grown on Brucella agar or Blood Agar Base (BAB) with Skirrow supplement (10 g ml -1 100 vancomycin, 5 g ml -1 trimethoprim, 2.5 IU polymyxin-B). Broth culture was carried out in 101 Brucella broth (Becton Dickinson). 104 Plasmids used in this study are listed in Table 2 . Insertional inactivation mutants were made as 105 described previously [33] using primers listed in Table S1 . To insert antibiotic resistance cassettes, 106 BamHI sites were introduced in the target genes by inverse PCR (Table S1 ) and ligated to either the 107 kanamycin cassette from pMARKan9 (ΔcheY, cheW, cheV) or chloramphenicol cassette from 108 pTopCat. All constructs were sequenced prior to transformation (Eurofins Genomics, Ebersberg, 109 Germany). Single C. jejuni mutant strains were isolated after transformation of the C. jejuni NCTC 110 11168 wild-type strain with plasmids by electroporation [33] , followed by selection on plates 111 supplemented with either 50 g ml -1 kanamycin or 10 g ml -1 chloramphenicol. To confirm the 112 position of the antibiotic cassette in antibiotic resistant clones, genomic DNA was isolated from 113 four ml of overnight culture (DNeasy kit, QIAGEN). Diluted genomic DNA (50 ng) was used as 114 template for PCR using primers that anneal outside of the cloned flanking regions in combination 115 with antibiotic cassette-specific primers (Table S1 ). 118 C. jejuni mutants were complemented by inserting the individual chemotaxis genes (cheA, 119 cheY, cheW, cheV, cheAY, cj0350, fliN) in trans using the cj0046 pseudogene, as described 6 120 previously [33] . To make the CheY D53A substitution, pCASO59 was used as template for inverse 121 PCR using primers CheYDA01/02 (Table S1 ). To make the CheY D7A substitution, pCASO59 was 122 used as template for inverse PCR using primers cheYD7AFwd/Rev (Table S1 ). To make the 123 CheAReceiver domain construct (CheA Rec ), pCASO58 was used as template for inverse PCR 124 using primers cheARec01/02, which changes the codon encoding lysine 648 to a stop codon (see 125 Chemotaxis assays 167 Chemotactic motility was measured using soft agar motility assays and tube taxis assays [33] . 168 All soft agar motility assays were carried out using square 10 mm 2 petri plates (Sterilin) inoculated 8 169 with wild-type and three test strains, as described previously [33] . For each plate, halo size was 170 expressed as a percentage of the corresponding wild-type and each strain was tested for significance 171 using a one-sample t-test (alpha = 0.05), compared to a hypothetical value of 100 (GraphPad Prism 172 6.01). Strain-to-strain comparisons were made using a two-tailed Mann-Whitney test. 173 Tube taxis assays were prepared as described previously [33] . The tubes were incubated at 174 37°C in air in a waterbath (Grant). Tubes were photographed after 24, 40, 48, 64, and 72 hours and 175 the dye front was measured from the top of the agar using the ImageJ software and expressed as a 176 percentage of the wild-type strain. Each strain was tested for significance using a one-sample t-test 177 (alpha = 0.05) compared to a hypothetical value of 100 (GraphPad Prism 6.01) and strain-to-strain 178 comparisons were made using a two-tailed Mann-Whitney test. at the same rate as the wild-type strain ( Fig. S1 ) and flagella were present at each pole of the cell 212 ( Fig. 2) . In liquid media, the swimming phenotype of the cheW and cheV mutants was comparable 213 to the wild-type. Chemotactic motility was assessed using soft agar motility plates and tube taxis, 214 which measures motility in both an energy and redox gradient [33] . Both halo formation and 215 migration were reduced compared to the wild-type. Chemotactic motility of the cheW mutant was 216 reduced to less than 50% compared to the wild-type strain at both 24 and 48 hours, respectively 217 ( Fig. 3, 4 ). The reduction in halo formation and migration was more severe in the cheV mutant, as it 218 was reduced to less than one-third compared to the wild-type strain at both 24 and 48 hours ( Fig. 3 , 10 219 4). Thus, absence of CheV has a more dramatic effect on chemotaxis than absence of CheW in C. 220 jejuni. Introduction of the cheW mutant in trans in the cj0046 pseudogene [33] resulted in the 221 complementation of the chemotaxis phenotypes of the cheW mutant ( Fig. 3, 4 ). However, 222 complementation of the cheV mutant with cheV in the cj0046 pseudogene did not restore 223 chemotactic motility. The cheV mutant still expressed the downstream cheA and cheW genes as 224 shown by reverse transcriptase PCR ( Fig. S2A ), suggesting the phenotype of the cheV mutant are 225 not due to polar effects on the transcription of the downstream cheA and cheW genes. 226 Supplementation of the wild-type strain with a second copy of cheV (WT +cheV) did not alter 227 swimming in liquid media, but led to a significant reduction in chemotactic motility ( Fig. S3 ), 228 suggesting that the stoichiometry of CheV and other chemotaxis proteins is of importance for its 229 function. Finally, given that C. jejuni CheV contains an N-terminal CheW domain, the ability of 230 CheV to substitute for CheW was assessed by introducing the cheV gene into the cheW mutant. The 231 resulting cheW +cheV strain did not complement the cheW mutant ( Fig. 3, 4 ).
Construction of insertional inactivation strains

Construction of complementation constructs and site directed mutagenesis
233
Increased levels of CheY augment chemotaxis 234 The growth phenotype of a cheY mutant was not significantly different to the wild-type ( in the wild-type (Fig. 5A ). The cheY mutant displayed the previously described chemotaxis defect 239 [38], with chemotactic motility reduced to less than 20% of wild-type ( Fig. 3, 4 ). Chemotactic 240 motility was restored to wild-type levels by complementation in trans with the cheY gene, and even 241 exceeded that observed in the wild-type strain ( Fig. 3, 4) , and also the wild-type swimming 242 behaviour was restored ( Fig. 5C ). A wild-type strain containing an additional copy of cheY (WT + 243 cheY) displayed increased chemotactic motility compared to the wild-type strain (Fig. S3 ). The 11 244 increased chemotactic motility and migration was not due to increased growth as the cheY +cheY 245 and WT +cheY strains grew at the same rate as wild-type ( Fig. S1 ).
247
CheY requires the metal binding pocket but not the phosphorylation site for activity 248 An alignment of the seed sequences for a canonical Receiver Domain (Pfam, PF00072) with 249 the C. jejuni CheY sequence showed that both the active site aspartic acid residue (D53) and the N- to wild-type levels ( Fig. 3, 4) . In contrast, the cheY D7A complemented cheY mutant was even more 260 defective in chemotactic motility ( Fig. 3, 4 ), despite possessing polar flagella (Fig. 2) . The cheY D7A 261 strain displayed swimming in very tight repeating spirals ( Fig. 5E ). RT-PCR showed that all cheY-262 complemented strains made a cheY transcript that was absent in the cheY mutant ( Fig. S2D ).
264
CheA is required for chemotaxis but not for swimming motility 265 A cheA mutant displayed growth comparable to the wild-type (see Fig. S1 ), robust swimming 266 in liquid media and flagella were observed at each pole (Fig. 2) . Inactivation of cheA did not disrupt 267 transcription of the downstream cheW gene, as determined with RT-PCR ( Fig. S2B ). However, 268 inactivation of the cheA gene strongly reduced chemotactic motility to levels similar to the cheV 12 269 and cheY mutants ( Fig. 3, 4 ). Introduction of the cheA gene in trans did not complement the cheA 270 mutant ( Fig. 3, 4 ), but introduction of a second cheA copy in the wild-type strain also resulted in 271 significantly reduced chemotactic motility ( Fig. S3 ). CheA is a large complex protein, consisting of 272 five discrete functional domains (Fig. 1 ). Constitutive expression of this protein likely disrupts the 273 optimal stoichiometry for effective signal transduction.
275
The CheA receiver domain (CheA-Y) is dispensable for core functionality 276 The architecture of C. jejuni CheA differs to that seen in E. coli and B. subtilis. (Fig. 1 ). CheA CheA-Y shows the presence of twin aspartic acid residues at the N-terminal and the active site 282 aspartate, suggesting that the acid-pocket active site is conserved (Fig. S4A ). The Campylobacter cheA mutant strain resulted in transcription of a cheA transcript, which was absent in the cheA 290 mutant (Fig. S2E ). The cheA ∆Rec construct complemented the cheA mutant better than the full length 291 cheA gene, with restoration of about half of chemotactic motility by the cheA ∆Rec version, and no 292 complementation by the wild-type cheA gene ( Fig. 3, 4) . When introduced into the wild-type strain, 293 the cheA ∆Rec strain showed higher levels of chemotactic motility than the wild-type ( Fig. S3 ).
294
Given the similarity between CheA-Y and CheY, we also investigated the ability of the CheA-295 Y receiver domain to complement a cheY mutant, by introducing the cheA-Y part of the cheA gene 296 in the cheY mutant (cheY +cheA-Y). Expression of the cheA-Y transcript was confirmed using RT-297 PCR (Fig. S2C ). The chemotactic motility phenotype of this strain was similar to the cheY mutant 298 ( Fig. 3, 4 ) and the swimming behaviour showed the characteristic catherine wheels seen in the cheY 299 mutant ( Fig. 5 ). Accordingly, introduction of the cheA-Y gene in the wild-type strain did not 300 increase chemotactic motility ( Fig. S3 ). Thus, the sequence of the CheA-Y domain has diverged to 301 the point where it is functionally distinct from CheY in C. jejuni. well conserved in the Campylobacter genus (but absent from the Helicobacter genus), although 312 divergent from the canonical CheX sequences that comprise the Pfam seed alignment PF13690. We 313 constructed a cj0350 mutant, which showed decreased chemotactic motility, although this 314 phenotype was not rescued by complementation with cj0350 (Fig. 6 ). However, complementation 315 by the gene downstream of cj0350, fliN, did restore wild-type chemotactic motility (Fig. 6) , 316 suggesting that the cheX phenotype is probably due to a disruption of fliN expression. This 317 conclusion was confirmed by semi-quantitative RT-PCR, which showed that fliN transcript was 318 decreased in the cheX mutant (data not shown). To investigate the role of Cj0350, a strain 14 319 expressing two copies of cj0350 was made by introduction of the cj0350 gene in trans in the cj0046 320 pseudogene. The WT +cj0350 strain showed bi-polar flagella (Fig. 6D ) and robust swimming in 321 liquid media (see Supplementary Movie 2) but reduced chemotactic motility ( Fig. 6A-C) . Given 322 that CheY phosphatase activity should result in decreased chemotactic motility due to less 323 stimulation of the flagella switch, we propose that Cj0350 is a divergent CheX protein. Chemotaxis is required for organized biofilm formation at the air-media interface 326 Flagella are known to be important for biofilm formation in C. jejuni [7-9]. We therefore 327 investigated the role of chemotaxis in biofilm formation using a glass-slide assay combined with 328 crystal violet staining and detection using a microarray scanner (employing both lasers at 532 and 329 635 nm). The wild-type strain formed a biofilm on the glass slide at the air-media interface (Fig. 7) . 330 Below the air-media interface, a less-intense 2 mm band of adhered cells was observed. All of the 331 chemotaxis mutants used in this study were defective in formation of a biofilm at the air-media 332 interface (Fig. 7) . In the cheW mutant, the air-media interface biofilm was present, but a second 333 more intense area of adhered cells was also visible 5 mm below the air-media interface. Both the 334 cheV mutant and the complemented cheV mutant showed defective air-media interface biofilm. The 335 cheA and cheY mutants both showed a disorganized air-media interface biofilm with a greater 336 population of submerged cells. In all cases expect for the cheV mutant and the cheY D7A -337 complemented cheY mutant, complementation with the respective wild-type gene restored the 338 organised interface biofilm phenotype (Fig. 7) . To assess the level of shedding of cells from the 339 biofilm, the A 600 of planktonic fraction for each assay was recorded. Inactivation of cheY resulted in 340 significantly fewer cells in the planktonic fraction compared to the wild-type, while the 341 complemented cheY mutant showed in significantly more cells in the planktonic fraction ( Fig.   342 S6A). The cheY + cheY D53A complemented mutant showed a level of shedding significantly higher 343 than the cheY strain, again suggesting partial complementation, albeit less effective than wild-type 15 344 CheY. Two other cheY strains that showed poor chemotactic motility, the cheY + cheY D7A and the 345 cheY + cheV mutants, also showed a significantly lower level of planktonic cells. Therefore, the 346 biofilm phenotype of at least the cheY mutant could in part be due to a disruption of normal cell 347 shedding/dispersal from the biofilm. To test the hypothesis that C. jejuni may require the 348 chemotaxis system to activity seek the optimal environment for growth as a biofilm, the slide 349 biofilm assay was performed using a paralysed flagella (pflA) mutant [46, 55] . This mutant 350 displayed low levels of biofilm formation at the air-media interface (Fig. S6B) . Thus, while the . 389 Their work also showed that both cheV and cheW mutants had chemotactic motility defects in 390 Brucella media although chemotaxis towards aspartate was still competent in either mutant. 391 Similarly, the Cj0371 protein was shown to interact with the CheV protein, and influence ATPase 392 activity of CheA [59], suggesting that multiple systems engage in the chemotaxis pathway to 393 modulate signal transduction. An evolutionary genomics study showed that the presence of CheV (Fig. 3, 4 ) supports this theory, as 402 increasing the level of the CheV protein will divert phosphate flow from CheY to CheV. The fact 403 that the chemotaxis phenotype of the WT +cheV strain is more severe compared to the WT +cheX 404 strain suggests that the phosphate sink is more effective at dampening signal transduction than 405 CheX-mediated dephosphorylation of CheY. Organisms lacking CheY-phosphatases may also 406 utilize a phosphate sink mechanism to modulate chemotaxis. 407 408 409 The CheY protein is the final effector protein in the signal transduction cascade, directly 410 interacting with the flagellar switch to alter rotation between clockwise and counter-clockwise 411 rotation. Our observation that the cheY D53A variant could restore both chemotactic motility and 412 darting swimming in the cheY mutant (Fig. 3, 4) CheY from the fdxA promoter significantly stimulated chemotactic motility (Fig. 3, 4) . (Fig. 3, 4) . 427 Residues that are known to be important for binding the flagella switch (T87, Y106, and K109 (E. A model for the C. jejuni core chemotaxis system 471 Based on the data presented, we propose a model for chemotaxis in C. jejuni that has more 472 similarity to the Gram positive model of chemotaxis, as exemplified by B. subtilis (Fig. 9 ). Based 
Role of CheY domains
